Entanglement can be considered as a special quantum correlation, but not the only kind. It is allowed to exist non-classical correlations even for a separable quantum system. Here we propose two dissipative schemes for generating a maximally correlated state of two qubits in the absence of quantum entanglement, which was raised by [F. Galve, G. L. Giorgi, and R. Zambrini, Phys. Rev. A 83, 012102 (2011)]. These protocols take full advantages of the interaction between four-level atoms and strongly lossy optical cavities. In the first scenario, we alternatively change the phases of Rabi frequencies of two classical driving fields, while the second proposal introduces a strongly lossy coupled-cavity system. Both schemes can realize all Lindblad terms required by the dissipative dynamics, guaranteeing the maximally quantum dissonant state to be the unique steady state for a certain subspace of system. Moreover, since the target state is a mixed state, the performance of our method is evaluated by the definition of super-fidelity G(ρ1, ρ2), and the strictly numerical simulations indicate that fidelity outstripping 99% of the quantum dissonant state is achievable with the current cavity quantum electrodynamics parameters.
I. INTRODUCTION
As one of the most striking features in quantum theory, quantum entanglement is recognized as the essential resource for quantum information processing [1] . For instance, it is widely used in quantum key distribution [2] , superdense coding [3] , quantum teleportation [4] , and quantum computation [5] . Although the best performance of such tasks requires maximally entangled states (Bell states), the decoherence effects due to the environment make the pure entangled state into a statistical mixture and degrade quantum entanglement in reality. For these entangled mixed states, there are more complicated and lesser understood than pure states. Werner state is a typical mixed state defined by a class of two-body quantum mixtures, which is invariant under the unitary transformation [6] . It has been used in the description of noisy quantum channels, such as nonadditivity claims, and in the study of deterministic purification [7] .
Quantum discord (QD), a measure of the total quantum correlations, is defined as the difference between the quantum mutual information and the classical correlations at the quantum level [8] . It attempts to quantify all quantum correlations including entanglement. The study of QD has a crucial importance for the full development of new quantum technology because it is more robust than entanglement against the effects of decoherence [9, 10] . Now it has been shown experimentally how to encode quantum information in separable Gaussian states, which introduces an operational protocol to use quantum discord as a resource even in the absence of entanglement [11] . In 2011, Glave et.al found some mixed states have greater values of QD than pure states [12] , and they identified the family of mixed states which maximize the discord for a given value of the classical correlations. On the basis of * yinhd239@nenu.edu.cn † shaoxq644@nenu.edu.cn this work, López et.al mathematically described a method to produce the maximally correlated states without entanglement [13] and gave an example of unitary dynamic process, which places restrictions on the evolution time of system. It is well known that the quantum dissipation characterized by a Lindblad generator in Markovian quantum master equations is induced by the weak coupling between quantum systems and environment. Traditionally, it has been considered only having detrimental effects on quantum information processing. Nevertheless, recent studies show that the environment can be used as a resource for quantum computation and entanglement generation [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In particular, Kastoryano et.al [17] discussed the possibility of preparing highly entangled states via the loss of photon from an optical cavity. In Ref. [19] , the authors proposed a dissipative scheme to generate a maximally entanglement between two Rydberg atoms, where the spontaneous emissions of atoms play a positive role during the dynamic evolution. And Emanuele et.al presented and analyzed a new approach for the generation of atomic spin-squeezed states using the interaction between four-level atoms and a single-mode cavity [30] .
Enlightened by the work of Ref. [30] , we construct two physical models by taking the environment as a resource to generate the maximally quantum dissonant state. This approach has the following advantages: (i) Compared with the unitary dynamic evolution, the dissipative process is not limited by time.
(ii) The initial state is not strictly required by both schemes, and the target state can be successfully prepared as long as the state |Ψ
The investigated systems make full use of the cavity decay κ while suppress the spontaneous emission γ of atoms. Therefore, the parameters κ and γ are permitted to have a wide range of values to improve the experimental feasibility.
The remainder of the paper is organized as follows. In Sec. II, we briefly review the properties of maximally correlation states. In Sec. III, we construct one physical model with a pair of four-level atoms trapped in a strongly loss op-tical cavity. Under the large decay of cavity and alternatively changing the Rabi frequencies of classical fields, we derive an effective master equation and numerically simulate the effects of relevant parameters on the prepared state. In Sec. IV, we introduce another physical model which requires a coupledcavity with atoms separately trapped in each cavity. In Sec. V and Sec. VI we discuss the potential experimental feasibility and make a brief summary of the work, respectively.
II. BRIEF REVIEW OF THE MAXIMALLY DISCORDANT MIXED STATES
The states we are interested in are found within the set of separable states. It has been shown that the most nonclassical two-qubit states, i.e., the family with maximal quantum discord versus classical correlations, were formed by mixed states of rank 2 and 3, which are named maximally discordant mixed states (MDMS). The class of states of rank 3 thus defined by [12] 
where
is the conditional entropy of A given a measurement on the system B while the optimization is over all possible projective measurement on system B. Refer to Ali-Rau-Alber results of the conditional entropy [31] , it is not difficult to find that for x = 1/2 and ǫ = 1/3 the quantum mutual information is maximized and the classical correlation is minimized. By changing the basis vector of the second qubit, i.e. |0 ↔ |1 , we obtain the target state:
Using the basis of Bell states |Φ
, the target state could be rewritten as:
If we have a system characterized by the following master equationρ
, and S z = (σ 1 z + σ 2 z ) (σ x,y,z are spin operators), the state described by Eq. (3) will be the steady state of this system. However, it is difficult to find a natural system with the above form of the master equation. Thus we consider to design an effective physical model which is equivalent to Eq. (4) under the appropriate approximations, and we will discuss our method detailedly in the next section. 
III. TWO FOUR-LEVEL ATOMS IN A LOSSY CAVITY
The central idea of our work can be understood by considering a pair of atoms interacting with a strongly loss optical cavity characterized in Fig. 1 . The atoms are simultaneously driven by the laser fields with complex Rabi frequencies Ω 1(2) e iϕ 1 (2) and the quantum field with coupling strength g. The Hamiltonian under the Schrödinger picture can be written as ( = 1):
where ω 0 , ω 1 , ω e , and ω r are the eigenfrequencies of the lower states |0 , |1 and upper states |e , |r , respectively, while ν and µ 1(2) are the frequencies of quantum and classical fields. a † and a are the creation and annihilation operators of the optical cavity mode. In addition, the ground states transition is dipole-forbidden. For simplicity, we assume all parameters are real. In the interaction picture, the Hamiltonian of the system reads:
Now we consider the process of constructing the collective decay operator S y = σ 1 y + σ 2 y . Taking Ω 1 e iϕ1 = −iΩ 1 , and Ω 2 e iϕ2 = iΩ 2 , and in the regime of large detuning |∆ 1(2) | ≫ {g, Ω 1(2) }, we may safely eliminate the upper states |e and |r , then the above Hamiltonian reduces to
and
) are the collective ascending and descending operators. If we further assume
, and omit the Stark shifts of the ground states induced by the quantum field and the classical fields, the above Hamiltonian could be simplified as
Since the effective system only includes the ground states, the spontaneous emissions of atoms are greatly suppressed, and the master equation could be written aṡ
In the limitation of large decay rate κ ≫ G, the cavity mode can also be neglected, and we obtain the master equation characterizing the system of atoms as:
where Γ = 4G 2 /κ is the collective decay rate of the atoms, and the superoperator D is defined as
x , we may simply take ϕ 1 = ϕ 2 = 0, then after a series of similar derivations, the effective master equation readṡ
. Up to present, we have shown how to generate the collective operators S x and S y respectively. But the stability of Eq. (3) requires there should be L γx (S x ) and L γy (S y ) in the master equation at the same time. Fortunately, drawing lessons from the spin echoes effect, our model is able to simulate the effective master equation of Eq. (4) (13) and the master equations with Hamiltonian (6) , where N is the switching number. The initial state is ρ0 = |00 |0 c and we set G = 0.01 and κ = 80G.
are interchanged fast enough. The result is obtained by using the Trotter product formula (see Corollary 5.8 in Chap. III of Ref. [32] )
where T is the total evolution time. Then the effective master equation isρ Fig. 2 shows the population of |Ψ + under different evolution processes with initial state |00 |0 c . The evolution of the effective master equation (13) is shown with empty circles and the other lines are the switching evolution results of the master equation with Hamiltonian (6) together considering the cavity decay κ. The total evolution time is gt = 8000. Different lines correspond to the results with different switching number N . With the increasing of N , line gets nearly to the empty circles. But since the cavity decay is a resource for states generation, the switching number N has an upper limit keeping the interval time much larger than 1/κ, which guarantees the role of κ in each process. And the longer operation time 1/Γ determines the minimum value of N ensuring the interval time far less than 1/Γ. Thus we choose N = 200, gt = 8000 in the following simulations.
In quantum information theory, distinguishing two quantum states is a fundamental task. One of the main tools used in distinguishability theory is quantum fidelity [33, 34] , which is widely used and has been found applications in solving some problems like quantifying entanglement [35, 36] , quantum error correction [37] , quantum chaos [38] and so on. In order to measure the distance between quantum states including mixed 
, and ρmix = (0.1|Φ
states, we adopt the definition of super-fidelity [39] 
with σ being the density operator of the target state as σ = 1/3(|Ψ + Ψ + | + |00 00| + |11 11|). We initialize the system into state |00 |0 c and plot the fidelity of the target-state under the switching evolution of the master equations with full Hamiltonian (6) . Figure 3(a), 3(b) , and 3(c) respectively discuss the effects of parameters κ, γ, and Ω on the preparation of the target state. Fig. 3(a) shows the fidelity as a function of the cavity decay κ with parameters g = 1, ∆ 1,2 = 100g, and Ω 1,2 = 0.5g. The increase of κ will prolong the convergence time. It can be explained by Eq. (10) . To obtain the target state, the coupling strength 4G
2 /κ will increase as κ decreasing, which results in a short convergence time. But if κ is too small, it will destroy the condition κ ≫ G and fail to generate the target state.
In Fig. 3(b) , we take into account the spontaneous emissions of the atoms and plot the evolution of the target state with different γ. Even if γ is extremely large (γ ∼ g), the fidelity is still above 0.99, which demonstrates that our scheme have favorable resistance to spontaneous emission. The inset picture of Fig. 3(b) is the enlarge view of the part indicated by the arrow. It shows that as γ = 0 ∼ 0.1g, the spontaneous emission is a positive factor which successfully enhances the fidelity by dissipating some high-level items to the ground states. But when γ increases to g, the excessive spontaneous emission becomes negative to our model. In addition, the population keeps oscillating at the final time with small amplitude, and stays around a definite value.
Moreover, the convergence time is related to the intensity of the classical field Ω 1 (2) . Fig. 3 (c) displays the evolution curves under different Ω with γ = 0.1g and discusses the optimal parameter range of Rabi frequency. The figure shows the optimal range of Ω is about 0.3g ∽ 0.7g, which could ensure the fidelity over 0.99. Fig. 3(d) additionally considers the request to the initial state of the system. We can obtain the target state with arbitrary initial state except for the singlet state |Ψ − . To expound the properties peculiar to the target state, we plot the concurrence [40] , classical correlation and quantum discord of the state with the full master equation in is worth mentioning that we directly utilize the results given in Ref. [41] to measure quantum discord (QD), and the calculation of S(ρ A|B ) is based on the positive-operator-valued measurements (POVM) locally performed on the subsystem B. The QD and the classical correlation (CC) are given as: 
IV. TWO ATOMS IN A LOSSY COUPLED-CAVITY SYSTEM
The lossy coupled-cavity system [42] [43] [44] [45] [46] is shown in Fig. 6 . It consists of two coupled cavities which respectively trapped a four-level atom with ground states |0 , |1 and excited states |e , |r . The transition between |0 (|1 ) and |e (|r ) is coupled resonantly to the quantum field with coupling constant g, and other non-resonant transitions with detuning ±∆ are driven by classical field with Rabi frequencies Ω 1 (2) and Ω 
FIG.
6. Schematic view of two four-level atoms trapped in a lossy coupled-cavity array. Each atom is simultaneously driven by four classical fields with Rabi frequencies Ω 1 (2) , Ω ′ 1(2) , detuned by ±∆ 1 (2) and resonantly coupled with a cavity mode. The photon can hop between two cavities with coupling strength A.
can be written as
where ω i (i = 0, 1, e, r) are the eigenfrequencies of ground and excited states for each atom, ω c is the frequency of quan-tum field, a † k and a k (k = 1, 2) are creation and annihilation operators of cavity mode k, ω L and ω ′ L are frequencies of classical fields. Then we switch the Hamiltonian from Schrödinger picture to the interaction picture and obtain
− ω r , and we suppose ∆ 1 = ∆ 2 = ∆. Now we introduce a pair of delocalized bosonic modes in order to remove the localized modes as follows [46] ,
Then we have
We set A = ∆ to guarantee the two-photon process resonance, and choose
Under the large detuning condition, i.e. |∆| ≫ {Ω, g}, and neglecting the Stark-shift terms, the effective Hamiltonian reads
Based on the definition of collective spin operators S x = (σ 1x + σ 2x ), S y = (σ 1y + σ 2y ), the effective Hamiltonian can be rewritten as
where G = gΩ/ √ 2∆. It can be seen that the current system only involves couplings between ground states and delocalized cavity modes. Therefore, the dissipative dynamics of system can be considered as governed by the following master equatioṅ
In the limit κ ≫ |G|, we can adiabatically eliminating the delocalized cavity modes, and obtain the effective master equation,ρ
Compared with the previous model, the coupled-cavity system provides the mean to realize L γx (S x ) and L γy (S y ) simultaneously. Thus the target state ρ = 1/3(|Ψ + Ψ + |+|00 00|+ |11 11|) can be generated using the driven-dissipative dynamics.
To verify the effectiveness of our scheme in generating MDMS, we respectively plot the populations and the fidelity of the target state with the initial state |00 |00 c under the full and effective Hamiltonian in Fig. 7 . We can find that these two lines perfectly coincide with each other and the state prepared by our scheme can maintain high fidelity after reaching steady state as 0.9986 in the case of steady state after about 13000/g. The selections of numerical simulation parameters are κ = 0.1g, Ω = 0.2g, and ∆ = 100g.
Then we make the same discussions as Fig. 3 in the coupled-cavity system. The results are shown in Fig. 8, which show the similar behaviors of κ, ρ 0 , γ and Ω. Compared with the first scenario, the fidelity is higher and the final population is stable after a longer evolution time.
V. DISCUSSION
Now, we discuss about the basic elements that maybe candidate for the intended experiment. The possible realizations of these physical models could be set up in 87 Rb using the clock states |F = 1, m F = 0 and |F = 2, m F = 0 in the 5S 1/2 ground-state manifold as two-lower levels |0 and |1 . While in addition, the states to the |F = 1, m F = +1 , and |F = 2, m F = +1 of the 5P 1/2 manifold as two-higher levels |e and |r [30] . Moreover, in the first scheme, to construct the model we need the condition Ω 1 /∆ 1 = Ω 2 /∆ 2 , which can be realized by adjusting the value of ∆ 1,2 and Ω 1,2 . Identically, the second scheme needs similar conditions
According to past works [47] [48] [49] [50] , the transition between the atomic ground level 5S 1/2 and the optical level 5P 1/2 of 87 Rb atom is coupled to the quantized cavity mode with strength g = 2π × 14.4 MHz. The decay rates from higher levels to lower ones and the cavity mode are γ = 2π × 3 MHz and κ = 2π × 0.66 MHz, respectively. The Rabi frequencies Ω 1,2 can be tuned continuously and for the first scheme we adopt parameters Ω 1,2 = 0.3g, ∆ 1,2 = 76g, N = 200, the fidelity of the target state is 99.41%. For the second one, we set Ω 1,2 = Ω ′ 1,2 = 0.1g, ∆ 1,2 = 50g and the fidelity is 99.56%. In addition, Ref. [51] reported the projected limits for a Fabry−Perot cavity, which the coupling coefficient g = 2π × 770 MHz. Based on the corresponding critical photon number and critical atom number, we obtain (κ, γ) = 2π × (21.7, 2.6) MHz. The fidelity F reaches 99.10% for the first scheme with the other relevant parameters are selected as Ω 1,2 = 0.2g, ∆ 1,2 = 72g, N = 200. And for the second one, the fidelity is 99.67%, while other parameters are Ω 1,2 = Ω ′ 1,2 = 0.12g, ∆ 1,2 = 50g. Moreover, in a microscopic optical resonator [52] , the parameters of an atom interacting with an evanescent field are (g, κ, γ) = 2π × (70, 5, 1) MHz, which correspond to the fidelity F = 99.18% with parameters 
VI. SUMMARY
In summary, our work provides two schemes to dissipatively produce the maximal discordant mixed state where the environment becomes a resource for states generation and breaks the time limit of the unitary dynamics. In the first scheme, by alternatively changing the phase of Rabi frequencies, the target state turns into the unique steady state of the whole process while the second one leaves out the alternating evolutionary process by introducing a lossy coupled-cavity system. We make a comparison between two schemes. Both of them have advantages and disadvantages. For the first one, it takes shorter time to achieve the target state with the fidelity oscillated around a certain value. For the second one, although it takes longer to achieve the target state, the fidelity is stability and higher. Meanwhile, both systems have favorable resistance to the spontaneous emission of atoms, and the target state can be obtained with arbitrary initial state except for the singlet state |Ψ − . We also discuss the relevant parameters under current experimental data and obtain high fidelities over 0.99. We hope the work may be useful for the experimental realization on quantum correlation in the near future.
